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Connectivity map analysis 
a b s t r a c t 
Paired related homeobox 1 (PRRX1) is a marker of limb bud mesenchymal cells, and deficiency of p53 or Rb in 
Prrx1-positive cells induces osteosarcoma in several mouse models. However, the regulatory roles of PRRX1 in 
human osteosarcoma have not been defined. In this study, we performed PRRX1 immunostaining on 35 human 
osteosarcoma specimens to assess the correlation between PRRX1 level and overall survival. In patients with os- 
teosarcoma, the expression level of PRRX1 positively correlated with poor prognosis or the ratio of lung metasta- 
sis. Additionally, we found PRRX1 expression on in 143B cells, a human osteosarcoma line with a high metastatic 
capacity. Downregulation of PRRX1 not only suppressed proliferation and invasion but also increased the sensi- 
tivity to cisplatin and doxorubicin. When 143B cells were subcutaneously transplanted into nude mice, PRRX1 
knockdown decreased tumor sizes and rates of lung metastasis. Interestingly, forskolin, a chemical compound 
identified by Connectivity Map analysis using RNA expression signatures during PRRX1 knockdown, decreased 
tumor proliferation and cell migration to the same degree as PRRX1 knockdown. These results demonstrate that 







































Osteosarcoma is the most frequent malignant tumor of the bone in
he pediatric age group [1] . Metastases are detectable in 15%–20% of
atients at initial presentation, mostly in the lungs, and 30%–40% de-
elop lung metastases during or after treatment [2-4] . Despite advances
n surgery, chemotherapy, and radiotherapy, prognosis remains poor in
atients with metastatic disease with a five-year overall survival rate of
4%–40% [4 , 5] . Unfortunately, clinical studies, such as those examin-
ng targeted agents, have shown disappointing results and changed little
n the last three decades [1] . For the development of novel treatments to
mprove the prognosis of osteosarcoma patients, further elucidation of
he molecular mechanisms that support the invasion and proliferation
f osteosarcoma cells is of paramount importance [6-10] . 
Paired related homeobox 1 (PRRX1) is a member of the paired-type
amily of homeobox transcription factors, which have important func-
ions in the regulation of developmental morphogenetic processes [11-Abbreviations: PRRX1, paired related homeobox 1; OS, Osteosarcoma. 
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 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 3] . During mouse development, Prrx1 is highly expressed in limb bud
esenchymal or craniofacial-mesenchymal cells, and mice lacking Prrx1
r humans with a PRRX1 mutation die perinatally due to craniofacial
nd limb malformations [14-16] . 
Recently, the oncogenic or tumor-suppressive functions of Prrx1
ave been reported in several tumors. In glioma and pancreatic can-
er, Prrx1 was highly expressed in tumor-initiating cells and displayed a
egulatory role in invasion or metastasis [17-19] . In breast, lung, or hep-
tocellular cancers, PRRX1 inhibits the self-renewal and stem-like prop-
rties of tumor-initiating cells [20-22] . In the sarcoma research field,
ice eventually develop osteosarcoma with p53 and Rb deficiency in
rrx1-positive cells or osteoblasts [23-26] , indicating a critical role for
rrx1-positive cells in osteosarcoma development. However, the onco-
enic function of PRRX1 in human osteosarcoma has not been defined. 
Here, we examined the correlation between PRRX1 expression level
nd prognosis in human osteosarcoma patients. We further investigated
he oncogenic role of PRRX1 using human osteosarcoma 143B cells. 3 November 2020 
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aterial and method 
ase selection 
A total of 35 previously untreated patients with osteosarcoma who
nderwent curative surgery at Okayama Hospital from 1994 to 2014
ere enrolled in this study. The patients’ medical records, including age
t diagnosis, gender, tumor size (diameter), local recurrence, metastasis
tatus, and survival time, were obtained. Clinical follow-up was avail-
ble with a mean follow-up of 91 months (range, 3–287 months). The
etailed information is listed in Fig. 1 D. Written informed consent was
btained from all participants before this study, and the Okayama Hospi-
al Institutional Review Board approved the use of all human specimens
Approval code; 1908-001). 
mmunohistochemistry 
To stain for PRRX1, we prepared slides from clinical samples of os-
eosarcoma. A paraffin block containing the largest tumor tissue of each
esion was selected. Sections (4 μm thickness) from the paraffin block
ere routinely deparaffinized. The slides were heated for antigen re-
rieval in 10 mmol/L sodium citrate (pH 6.0) for 10 min. Endogenous
eroxidase was quenched with 3% H 2 O 2 in methanol for 10 min. After
locking to reduce nonspecific antibody binding, PRRX1-specific anti-
ody (1:200 dilution, NBP2–13,816; Novus Biologicals, Littleton, CO,
SA) was reacted with tissue sections overnight at 4 °C, followed by
hree washes with PBS. The sections were reacted with peroxidase-
onjugated anti-rabbit IgG (Histofine Simple Stain Max-PO; Nichirei,
okyo, Japan). Finally, diaminobenzidine (Simple Stain DAB Solution;
ichirei) was applied as a chromogen and counterstained with hema-
oxylin. Every tumor was scored according to the intensity of the nu-
leic staining (no staining = 0, weak staining = 1, moderate staining = 2,
trong staining = 3), and the extent of stained cells (0%–5% = 0, 6%–
5% = 1, 26%–50% = 2, > 50% = 3). The final immunoreactive score was
etermined by totaling the intensity scores with the extent of positivity
cores of stained cells, yielding a minimum score of 0 and a maximum
f 6. 
ells and cell culture 
Five human osteosarcoma cell lines (Saos-2, MG63, HOS, 143B,
nd U2OS) were purchased from the American Type Culture Collection
ATCC; Manassas, VA, USA) and lentiX293T cell was purchased from
akara Bio (Kusatsu, Shiga, Japan). They were maintained in Dulbecco’s
odified Eagle’s medium (DMEM; Nacalai Tesque, Inc., Kyoto, Japan).
ll culture media were supplemented with 10% fetal bovine serum (FBS;
yclone, Victoria, Australia), penicillin (100 U/mL), and streptomycin
100 mg/mL) (NACALAI TESQUE, Inc.) in a humidified atmosphere con-
aining 5% CO 2 at 37 °C. 
roduction of lentivirus 
pLKO.1puro, a lentiviral vector plasmid purchased from Addgene
#8453; Watertown, MA, USA), was digested with AgeI and EcoRI and
hen ligated with annealed primers using Ligation High ver 2 (Takara
io). The following primers were used: shPRRX1#1 forward 5 ́-CCG
TG ACA TTT AGG GTA TAA AGA TCT TCA AGA GAG ATC TTT ATA
CC TAA ATG TCT TTT TTG-3 ́, shPRRX1#1 reverse 5 ́-AAT TCA AAA
AG ACA TTT AGG GTA TAA AGA TCT CTC TTG AAG ATC TTT ATA
CC TAA ATG TCA-3 ́; shPRRX1#2 forward 5 ́-CCG GTG CAG CGA
GG AAT AGG ACA ACT TCA AGA GAG TTG TCC TAT TCC TTC GCT
TT TTG-3 ́, shPRRX1#2 reverse 5 ́-AAT TCA AAA AAG CAG CGA AGG
AT AGG ACA ACT CTC TTG AAG TTG TCC TAT TCC TTC GCT GCA-
 ́. For lentiviral production, pLKO.1 puro constructs were transfected
ogether with packaging vectors, including pMDLg/pRRE, pRSV-Rev,
nd pMD2.G, to lentiX293T cells using PEI-MAX reagent (Polysciences,arrington, PA, USA). Culture media were replaced with fresh media
2 h after transfection. Cells were cultured for 48 h, and culture super-
atants containing lentivirus were passed through a 0.45 μM PVDF fil-
er (Hawach Scientific, Xi’an, China). Lentivirus solutions were stored
t − 80 °C until use. For lentiviral infection, 143B cells were treated with
he lentiviral solution for 24 h. After culturing for another 24 h without
entivirus, cells were treated with 1 μg/mL puromycin (Wako) to select
entivirus-infected cells. 
NA isolation and RT-qPCR 
Total RNA was extracted using an RNeasy mini kit (Qiagen, Hilden,
ermany), and cDNA was synthesized using M-MLV Reverse Tran-
criptase (Thermo Fisher Scientific, Waltham, MA, USA) and oligo-dT
rimers (Sigma-Aldrich, St. Louis, MO, USA). The cDNA was then used
s a template for qPCR analysis with gene-specific primers. The follow-
ng primers were used: GAPDH forward 5 ́-ACA ACT TTG GTA TCG TGG
AG GA-3 ́, reverse 5 ́- TCT GGG TGG CAG TGA TG-3 ́; PRRX1 forward
 ́-CGC AGG AAT GAG AGA GCC AT-3 ́, reverse 5 ́-GAG CAG GAC GAG
TA CGA TG-3 ́. qPCR was performed using an AriaMX Real-Time PCR
ystem (Agilent Technologies, Santa Clara, CA, USA). The cycle param-
ters were as follows: denaturation at 95 °C for 30 s, annealing for 30 s
t 62 °C, and elongation for 30 s at 72 °C. The expression level of each
ene was calculated using the 2 − ΔΔCt method. 
estern blotting 
Total protein was extracted with a lysis buffer (0.1 M Tris [pH 6.7],
% SDS), and nuclear fractions were purified with LysoPure Nuclear and
ytoplasmic Extractor Kit (Wako). Proteins were quantified using a BCA
rotein assay kit (Thermo Fisher) by measuring absorbance at 450 nm
sing a Multiskan Sky Microplate Spectrophotometer (Thermo Fisher).
roteins (10 μg) were separated using SDS-PAGE and then electrophoret-
cally transferred to 0.45 μm PVDF membranes (Millipore, Burlington,
A, USA), which were blocked with 5% (w/v) skim milk/0.02% (v/v)
ween 20/PBS, and incubated with primary antibodies (diluted 1:2000)
vernight at 4 °C. After incubation with HRP-conjugated antibodies (di-
uted 1:5000; GE Healthcare, Chicago, IL, USA), membranes were re-
cted with ECL Prime (GE Healthcare) to detect signals using an Amer-
ham Imager 600 (Amersham). The following antibodies were used:
RRX1 (Novusbio, NBP2–13,816 ( Fig. 2 A) / Sigma-Aldrich, HPA051084
 Fig. 2 C)), HDAC2 (#2540; Cell Signaling Technology, Danvers, MA,
SA), and HRP anti-rabbit IgG (#7074, Cell Signaling Technology). 
NA-sequence analysis 
Total RNA was extracted using an RNeasy mini kit (Qiagen), and
equencing libraries were prepared using a KAPA RNA HyperPrep Kit
ith RiboErase (HMR) (Kapa Biosystems) and a SeqCap Adapter Kit
Set A or Set B, Roche) following the manufacturer’s instructions. Se-
uencing libraries were transferred to a GENEWIZ (Suzhou, China) and
ere loaded onto a HiSeq 2500 system (Illumina) for sequencing. All se-
uence reads were extracted in FASTQ format using the CASAVA 1.8.4
ipeline. Trimmomatic (version 0.36) was used to remove adapters and
lter raw reads of < 36 bases in addition to leading and trailing bases of
ess than quality 20. Filtered reads were mapped to hg19 using HISAT2
v2.1.0). Raw counts for each gene were based on sense-strand data ob-
ained using featureCounts software from the Subread package. RUVSeq
Release 3.10) was used for further normalization to account for sam-
le variations. Differentially expressed genes were identified through
ESeq2 analysis with a threshold of padj < 0.01 and abs (Log 2 FC) >
. The raw and processed RNA-Seq data were deposited in the NCBI
EO database under accession number GSE160296. All sequence data
ere submitted to GSEA4.0.3 software, and gene sets enrichment anal-
sis (GSEA) was performed. 
R. Joko, D. Yamada, M. Nakamura et al. Translational Oncology 14 (2021) 100960 
Fig. 1. Expression of PRRX1 in mouse or human osteosarcoma tissues. 
(A) Immunostaining of Prrx1 in mouse osteosarcoma tissues. Sections derived from Prrx1-Cre;Rb fl/fl;Trp53 fl/fl, Oc-Cre;Rb fl/fl;Trp53 fl/fl or Col1a1-Cre;Rb fl/fl;Trp53 fl/fl
osteosarcomas were stained with Prrx1 and representative photos are shown. (B) Immunostaining of PRRX1 in human osteosarcoma tissues. Sections derived from 
human osteosarcomas were stained with PRRX1, and representative photos of PRRX1-low or PRRX1-high tumors are shown. (C) Comparison of overall survival 
between PRRX1-low and PRRX1-high osteosarcoma patients. Kaplan–Meyer survival curve demonstrates significant (log-rank test, p < 0.01) worse overall prognosis 
for osteosarcoma patients with high expression levels of PRRX1 compared with the PRRX1-low expression group. (D) Correlation of PRRX1 levels with patient clinical 
and pathological characteristics. 
R. Joko, D. Yamada, M. Nakamura et al. Translational Oncology 14 (2021) 100960 
Fig. 2. Effects of PRRX1 knockdown on proliferative capacity or drug sensitivity of human osteosarcoma cells. 
(A) Detection of PRRX1 in human osteosarcoma cell lines by western blot analysis. Total protein was extracted from the human osteosarcoma cell lines SAOS2, 
MG63, HOS, 143B, and U2OS, and the expression of PRRX1 in each was assessed compared with cell lysates prepared from HEK293T cells overexpressing each 
PRRX1 isoform as reference. (B) RT-qPCR analysis of PRRX1 in 143B cells after PRRX1 knockdown. The 143B cells were infected with a lentivirus encoding each 
shPRRX1 clone, and total RNA was extracted to compare the expression level of PRRX1 mRNA. All values were normalized to GAPDH mRNA level ( n = 3) (C) Western 
blot analysis after PRRX1 knockdown. The 143B cells were infected with lentivirus encoding each shPRRX1 clone, and nuclear lysates were extracted to compare 
the expression level of PRRX1. (D) Comparison of proliferative capacity by WST-1 assay. The 143B/Ctrl or 143B/shPRRX1#1 or #2 cells were seeded in a 96-well 
plate, and the OD 450 was measured at each indicated time point ( n = 4, two independent experiments). (E) Comparison of the RNA transcriptome after PRRX1 
knockdown. RNA-seq of 143B/Ctrl and 143B/shPRRX1#2 was performed, and data were compared by gene sets enrichment analysis (GSEA). Genes upregulated 
in 143B/shPRRX1#2 were clustered at the left ( n = 2, two independent experiments). (F, G) Comparison of cisplatin (F) or doxorubicin (G) sensitivity after PRRX1 
knockdown. Cells were treated with cisplatin or doxorubicin for 72 h, and the ratio of living cells was assessed by WST-1 assay. The ratio of DMSO-treated cells was 
set to 100% ( n = 3, two independent experiments). 


















































































































d  For Connectivity Map analysis, we obtained two sets of lists with
8 upregulated and 73 downregulated genes after PRRX1 knockdown
o identify overexpressed or underexpressed signatures, respectively.
he two gene lists were queried through the L1000-Query tool inter-
ace in the CMap project ( https://www.broadinstitute.org/connectivity-
ap-cmap ). The L1000-Query tool includes the CMap reference dataset,
hich contains a subset of profiles derived from 8388 tested per-
urbagens (2429 of which are compounds), known as the Touch-
toneV1.1 dataset. The compound ranking results with signature sim-
larity scores were exported. 
ell proliferation assay 
Cells were plated on 96-well plates at 1 ×10 3 cells per well in a fi-
al volume of 100 μL per well. Cell viability was determined using cell
roliferation reagent WST-1 (Sigma-Aldrich) according to the manufac-
urer’s protocol. For comparison of proliferative capacity, cells were cul-
ured for 24, 48, or 72 h. For the cytotoxicity assay, cells were treated
ith each indicated dose of doxorubicin (Sigma-Aldrich) or cisplatin
Enzo Life Sciences, Farmingdale, NY) for 72 h. WST-1 substrate (10 μL)
as added to each well and incubated for 2 h at 37 °C in 5% CO 2 . Ab-
orbance at 450 nm was measured using a microplate reader (Bio-Rad).
ach experiment was performed in triplicate. 
ound healing assay 
A scratch wound healing assay was used to examine cell mobil-
ty characteristics. Briefly, 143B/Ctrl or 143B/shPRRX1 cells (1.2 ×10 5 
ells/well) were grown in a 24-well plate until confluency. The medium
as replaced with serum-free DMEM. Cell monolayers were scratched
wounded) using a sterile 200 μL pipette tip, and PBS was used for
ashing and removing cell debris. After 16 h, migrating cells were moni-
ored and photographed under phase-contrast microscopy. Image J soft-
are was used to quantify the relative wound size. Cell mobility inhi-
ition (%) was calculated as the new scratch width / original scratch
idth ×100%. Experiments were repeated three times. 
ranswell assay 
Cell invasion and migration were examined with 24-well BD BioCoat
nvasion chambers. Matrigel matrix (BD Biosciences, San Jose, CA, USA)
as used for invasion assay. A total of 2 ×10 5 cells were suspended in
00 μL DMEM without FBS and added to the upper chamber. DMEM
ith 10% FBS was added to the lower chamber. After incubation for
6 h, the cells on the upper surface of the filter were completely removed
y wiping with cotton swabs. The filters were fixed in methanol and
tained with Hemacolor R ○ solution 3 (Merck, Darmstadt, Germany). The
lters were then mounted onto slides, and the cells on the lower surfaces
ere counted in six randomized high-power fields. 
easurement of PKA activity 
PKA activity was measured with PKA Kinase Activity Assay
it (abcam) followed by manufacuture‘s instruction. For 143B/Ctrl,
43B/shPRRX1#1 and 143B/shPRRX1#2, cell lysates were prepared
hen cells reached at 80% confluency. For forskolin treatment, cells
ere treated with 0.1, 1 or 10 μM forskolin for 24 hr and then cell
ysates were prepared. Absorbance at 450 nm was measured using a mi-
roplate reader (Bio-Rad) and all values were normalized to total protein
evel. 
enograft models 
The Okayama University Animal Care and Use Committee approved
he experiments using mice and animal care procedures. Four-week-old
emale BALB/c nude mice were purchased from Japan SLC (Shizuoka,apan). On day 0, the mice were anesthetized with 3% isoflurane, and
00 μL containing 2.0 ×10 7 cells of 143B/Ctrl ( n = 5), 143B/shPRRX1,
 n = 5) cells was injected into the left flank. The volumes of tumors were
alculated using the formula: L ×W 2 ×0.5, where L is the length, and W
s the width of each tumor, as reported previously [27] . For evalua-
ion of lung metastases, mice were sacrificed, and lungs were removed
nd sliced (2 mm). H&E staining of the extracted lung tissue and im-
unostaining of PRRX1 (Novusbio) were performed, and the number of
ung metastases was counted by two observers. Ki-67 (ab16667; Abcam,
ambridge, MA, USA), and terminal dUTP nick-end labeling (TUNEL)
taining (Sigma-Aldrich) were also performed [28] . 
tatistical analysis 
Data analysis was performed using Prism 8 (GraphPad Software, San
iego, CA, USA). All data were acquired by performing biological repli-
as of two or three independent experiments and are presented as the
eans ± SEM. Statistical significance was determined using a two-tailed
- test and unpaired one-way or two-way ANOVA with Tukey’s post hoc
nalysis. 
esults 
RRX1 level positively correlated with poor prognosis of patients with 
uman osteosarcoma 
Although Jones et al. reported that p53 and Rb deletion in Prrx1,
steocalcin ( Oc ), or Col1 𝛼1 -positive cells induces the formation of os-
eosarcoma [26] , the expression of Prrx1 in each developed tumor has
ot been investigated. When tissue sections derived from such osteosar-
omas were assessed by immunohistological staining, all tumors were
rrx1 positive ( Fig. 1 A). We also found that all 35 human osteosarcoma
atients in our study expressed PRRX1 and could be subdivided into a
igh-expression group ( n = 18, 51%) or a low-expression group ( n = 17,
9%) based on our criteria ( Fig. 1 B). Interestingly, the expression level
f PRRX1 was significantly associated with five-year overall survival
high vs. low: 58% vs. 92%, P < 0.05; Fig. 1 C). Fig. 1 D shows the cor-
elation between PRRX1 level and clinicopathological parameters of os-
eosarcoma. The mean tumor size was 10.1 cm (range, 3.0–21.0 cm). The
RRX1 expression level was compared between patients with or without
ung metastasis, and PRRX1-high patients were more frequently found
n the lung metastasis group (85.7% vs . 28.6%, P < 0.01). Also, the
RRX1 expression level was significantly higher in patients surviving
ewer than five years than those surviving for more than five years. No
ignificant correlation was observed between PRRX1 level and age, gen-
er, tumor size, or local disease recurrence. These results demonstrate
hat PRRX1 serves as a malignant factor in human osteosarcoma. 
RRX1 knockdown decreased cell proliferation and drug sensitivity in 
uman osteosarcoma 
To investigate the function of PRRX1 in human osteosarcoma, we
ested its expression by western blot analysis in several human osteosar-
oma cell lines (SaOS-2, MG63, HOS, 143B, and U2OS) ( Fig. 2 A). PRRX1
as three isoforms, and these were used as a reference. Although all
ell lines expressed PRRX1A or PRRX1B, HOS or 143B cells expressed
igher levels than the other lines. Thus, we chose 143B for further ex-
eriments because of its high metastatic capacity or malignancy [29] .
o suppress the function of PRRX1, we designed two shRNA sequences
gainst PRRX1 (shPRRX1) and recombined them into a lentiviral vector,
LKO1.puro. After introducing control or each shPRRX1 to 143B cells
ia lentiviral infection, cells were selected with puromycin, and PRRX1
evel was compared at the mRNA or protein level ( Fig. 2 B, C). We found
hat both PRRX1A and PRRX1B were downregulated by PRRX1 knock-
own ( Fig. 2 C). Hereafter, 143B cells infected with control, shPRRX1#1,
R. Joko, D. Yamada, M. Nakamura et al. Translational Oncology 14 (2021) 100960 
Fig. 3. Effects of PRRX1 knockdown on migration or invasion of human osteosarcoma cells. 
(A, B) Comparison of migration capacity after PRRX1 knockdown by wound healing assay (A) or migration assay (B). For the wound-healing assay, the relative 
migration of 143B/shPRRX1#1 or #2 cells was lower than that of 143B/Ctrl at 16 h after scratch wound ( n = 5, two independent experiments). For the migration 
assay, transwell plates were used to assess migration. The number of migrated cells was significantly decreased in 143B/shPRRX1#1 or #2 ( n = 12, two independent 
experiments). (C) Comparison of invasion capacity after PRRX1 knockdown by invasion assay. Transwell plates were used to assess the invasion. The number of 


























































S  r #2 lentiviruses are referred to as 143B/Ctrl, 143B/shPRRX1#1, or
43B/shPRRX1#2, respectively. 
To compare cell proliferation after PRRX1 knockdown, we per-
ormed WST-1 assay and found that 143B/shPRRX1#1 or #2 cells
howed lower NADPH-reducing activity than 143B/Ctrl cells at 48 or
2 h after seeding ( Fig. 2 D). Inhibitory effect of PRRX1 knockdown
n proliferation was also tested using another human OS line, HOS
Supplemental Fig. 2). For systematic analysis of the effect of PRRX1
nockdown on the RNA transcriptome of 143B cells, RNA was ex-
racted from each cell line, and RNA-seq or GSEA analysis was per-
ormed. As shown in Fig. 2 E, gene sets upregulated after knockdown
f the ataxia-telangiectasia mutated (ATM) gene were significantly in-
reased by PRRX1 knockdown. Cisplatin or doxorubicin are clinically
sed chemotherapeutics to treat osteosarcomas, and ATM knockdown
ncreases the sensitivity to these drugs when combined with p53 de-
ciency [30 , 31] . As 143B cells are p53-null [32] , we compared the
ensitivity to these drugs by WST-1 assay. The ratio of living cells was
ower in 143B/shPRRX1#1 or 143B/shPRRX1#2 cells, indicating that
RRX1 knockdown increased the sensitivity to doxorubicin and cisplatin
 Fig. 2 F, G). These results demonstrate that PRRX1 promotes cell prolif-
ration and drug resistance in human osteosarcoma cells. 
RRX1 knockdown decreased migration or invasion in human 
steosarcoma 
Next, we assessed the effect of PRRX1 knockdown on migration or
nvasion in human osteosarcoma by wound healing or migration assay.
onfluent cells were scratched, and migrated areas were compared after
6 h. Although there were no differences in cell morphology (Supple-
ental Fig. 2), 143B/shPRRX1#1 or #2 cells displayed lower migration
ctivity than 143B/Ctrl cells ( Fig. 3 A). The migration assay also pro-
ided the same results ( Fig. 3 B). When invasive capacities were com-ared by invasion assay, we found that PRRX1 knockdown significantly
ecreased the invasive capacity of 143B cells ( Fig. 3 C). These results
emonstrate that PRRX1 promotes migration and invasion in human
steosarcoma cells. 
RRX1 knockdown suppressed osteosarcoma development in a mouse 
enograft model 
To determine the effect of PRRX1 knockdown on osteosarcoma
evelopment, we performed a xenograft transplantation assay. The
43B/Ctrl or 143B/shPRRX1#2 cells were subcutaneously transplanted
nto the left flank of nude mice, and the volumes of the develop-
ng tumors were measured at each indicated time point. As shown in
ig. 4 A, 143B/shPRRX1#2 formed smaller tumors than 143B/Ctrl. Tu-
ors were excised at 21 days after transplantation, and tumors formed
y 143B/shPRRX1#2 cells had lower weights ( Fig. 4 B). Additionally,
umors derived from 143B/shPRRX1#2 cells showed lower expression
evels of PRRX1 and Ki-67 ( Fig. 4 C, D). The apoptotic ratio assessed
y TUNEL assay found no significant differences ( Fig. 4 C, E). The lung
etastatic ratio was compared by counting PRRX1-positive nodules in
ung sections, and fewer PRRX1-positive metastases were found in the
43B/shPRRX1#2-transplanted group ( Fig. 4 F). These results demon-
trate that PRRX1 promotes tumor growth and metastasis in human os-
eosarcoma cells. 
dentification of forskolin as a chemical compound that induces the same 
NA expression signatures as PRRX1 knockdown in human osteosarcoma 
ells 
RNA-seq analysis revealed that PRRX1 knockdown induced the up-
egulation of 68 genes and downregulation of 73 genes ( Fig. 5 A and
upplemental Table 1). Connectivity Map is a useful approach to match
R. Joko, D. Yamada, M. Nakamura et al. Translational Oncology 14 (2021) 100960 
Fig. 4. Effects of PRRX1 knockdown on tumor growth. 
(A) Comparison of tumor volume after PRRX1 knockdown. The 143B/Ctrl or 143B/shPRRX1#2 cells were subcutaneously transplanted into nude mice, and the 
tumor volume at each indicated time point was measured (A). At 21 days after transplantation, mice were sacrificed, and the weights of the developed tumors were 
measured (B) ( n = 5, two independent experiments). (C) Immunohistological analysis of developed xenograft tumors derived from 143B/Ctrl or 143B/shPRRX1#2 
cells. Tumor sections were stained with hematoxylin and eosin (H&E), immunostained for PRRX1 or Ki-67, or stained by TUNEL. Representative photomicrographs 
are shown. (D, E, F) Quantification of Ki-67- or TUNEL-positive cells in tumors developed from each cell line. Two or three fields in each tumor section were assessed, 
and the intensity of PRRX1 (D) or the numbers of cells positive for Ki-67 (D) or TUNEL (E) were compared ( n = 5). (G) Comparison of lung metastasis after PRRX1 
knockdown. Lung tissues were harvested 21 days after transplantation, and PRRX1-positive metastatic nodules were quantified. Tissue sections were sampled at 
1 mm intervals, and the number of metastatic nodules in each section was added together ( n = 5). 
R. Joko, D. Yamada, M. Nakamura et al. Translational Oncology 14 (2021) 100960 
Fig. 5. Identification of forskolin as a chemical compound that induces the same RNA expression signatures as those for PRRX1 knockdown in human osteosarcoma 
cells. 
(A) Schematic demonstrating how to perform Connectivity Map analysis. The 73 downregulated or 68 upregulated genes after PRRX1 knockdown ( n = 2, two 
independent experiments) were submitted to the reference database, and pattern-matching was performed. Chemical names listed in the top five positively matched 
profiles are shown (table in the lower panel). (B) PKA activity after PRRX1 knockdown. ( n = 3, two independent experiments) (C) The effect of forskolin treatment on 
the proliferative capacity of 143B cells. The 143B cells were treated with indicated doses of forskolin for 72 h, and cytotoxicity was evaluated via WST-8 assay ( n = 5, 
two independent experiments). (D) PKA activity after forskolin treatment. Cell were treated with each indicated concentration of forkolin for 24 h and thne PKA 
activities were compared. ( n = 3, two independent experiments) (E) Comparison of migration capacity after forskolin treatment by a wound-healing assay. The relative 
migration of forskolin-treated cells was lower than that of the vehicle-treated cells (0.1% DMSO) at 16 h after scratching ( n = 5, two independent experiments). 




















































































































hanges in gene expression for disease indications or drug responses
33-35] . The CMap database contains over one million gene expres-
ion signatures from the treatment of a variety of cell types with per-
urbagens that span a range of small-molecule compounds and gene-
verexpression or gene-knockdown agents. Interestingly, when these
pregulated or downregulated genes were used for Connectivity Map
nalysis, we found that the RNA transcriptome of 143B approached
hat of forskolin-treated cells after PRRX1 knockdown, suggesting that
orskolin may decrease the proliferation of 143B. Increases in PKA activ-
ty after PRRX1 knockdown was confirmed by ELISA analysis ( Fig. 5 B).
ndeed, treatment with forskolin decreased the NADPH-reducing activ-
ty or proliferative capacity of 143B cells as similar to PRRX1 knock-
own ( Fig. 5 C). As PKA activity was significantly increased by forskolin
t more than 1 μM ( Fig. 5 D), we tested the inhibitory effect of 1 μM,
.5 μM or 10 μM forskolin on the migration activity of 143B cells
 Fig. 5 E). These results suggest that forskolin confers the same pheno-
ypes that were induced by PRRX1 knockdown in human osteosarcoma
ells. 
iscussion 
Here, the clinical study of sarcoma patients demonstrated that
RRX1 was overly expressed in human osteosarcomas. During the devel-
pmental process of the limb bud, PRRX1-positive limb bud mesenchy-
al (LBM) cells originate from lateral plate mesoderm (LPM) [36] and
ventually differentiate into chondrocytes or osteoblasts in limb bones
37] . Mice with a deficiency of p53 and Rb1 in Prrx1-positive LBM cells
nd Col1a1- or osteocalcin-positive osteoblasts develop osteosarcomas
26] that are strongly stained with PRRX1 ( Fig. 1 A–C). These results
uggest that osteoblasts may have acquired LBM-like properties during
he process of transformation from normal cells to osteosarcoma cells.
everal drugs show anti-tumorigenic effects by inducing the differenti-
tion of cancer cells [38] , suggesting that novel therapeutic strategies
gainst osteosarcoma may be developed by understanding the differen-
iation process from LBM cells to osteoblasts. Thus, further studies are
arranted to reveal the detailed mechanism of osteogenic differentia-
ion from human LBM cells. 
Several groups have reported that PRRX1 is expressed in
tem/progenitor-like cells, and its deficiency decreases their prolifer-
tion [18 , 39] . The proliferative capacity and tumor growth of human
steosarcoma cell lines were decreased by PRRX1 knockdown ( Figs. 2 D
nd 4 ), indicating that PRRX1 also promotes tumor development in os-
eosarcoma by increasing cell proliferation. Additionally, PRRX1 can
ind to the promoter region of several cytokines that are related to tu-
origenesis [18] , suggesting that PRRX1 may regulate the development
f osteosarcoma by modulating its surrounding microenvironment. Al-
hough we have no critical data about the isoform-specific function of
RRX1 in osteosarcoma, they may have different roles as previously re-
orted [17,18] . 
During tumor metastasis, tumor cells must acquire an epithelial-like
tate to increase their invasiveness via epithelial-to-mesenchymal tran-
ition (EMT) [18 , 21 , 40-42 ]. As reported for glioblastoma or pancreatic
ancer [18 , 19] , PRRX1 knockdown decreased the migration or inva-
ion capacity of 143B cells ( Fig. 3 ). Osteoblasts reside in bone tissue
o produce bone matrix, but LBM cells, Prrx1-positive precursors for
steoblasts, migrate or invade in developing limb to produce chondro-
ytes or osteoblasts [37] . If PRRX1 promotes the dedifferentiation of
steoblasts to LBM-like cells or to a highly invasive state, the inhibition
f PRRX1 in osteosarcoma cells may suppress their invasive capacity by
nducing differentiation into osteoblasts. 
Tumor cells often show drug resistance via such mechanisms as ge-
omic mutations, activation of the bypass pathway, drug transporters,
r the tumor microenvironment [38] . We found that PRRX1 knock-
own in 143B cells increased their sensitivity to cisplatin and doxoru-
icin ( Fig. 2 F, G). Additionally, RNA transcriptome analysis revealed
hat PRRX1 knockdown upregulated gene sets associated with the ATMnockdown phenotype ( Fig. 2 F). Cisplatin and doxorubicin cause DNA
amage to kill cells [43 , 44] , and the suppression of ATM activity in
53-deficient cells increases sensitivity to these drugs [31] . These re-
ults demonstrate that the inhibition of PRRX1 in 143B (P53-null [32] )
ells decreased the activity of ATM and sensitized cells to cisplatin
nd doxorubicin. Interestingly, Connectivity Map analysis revealed that
RRX1 knockdown produced the same RNA expression signature as
hat of forskolin treatment ( Fig. 5 A). Forskolin, an activator of pro-
ein kinase A (PKA) signaling, decreased the proliferation and migra-
ion of 143B cells ( Fig. 5 B, C), suggesting that PRRX1 may promote tu-
or malignancy by suppressing PKA signaling in human osteosarcoma.
urthermore, our RNA transcriptome data also revealed that PRRX1
nockdown decreased the expression level of S1PR1 that has been re-
orted to be a critical molecule for metastasis [45-47] . Althogh we
id not assessed the functional relationship between S1PR1 and PRRX1
n this study, this may be a critical factor to cause the malignancy of
steosarcoma. 
Taken together, our results demonstrate that PRRX1 serves as a ma-
ignant factor in osteosarcoma by promoting tumor growth, invasion,
nd drug resistance. We expect that the discovery or development of
RRX1 inhibitors will improve current therapeutic strategies against os-
eosarcoma and improve our understanding of the pathophysiological
oles of PRRX1 in various types of cancer. 
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